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Purpose of This Investigation 
Thermal conductivity measurements of pure and chromous-doped potas-
sium magnesium fluoride were performed by Lopez (1). Lopez observed 
2+ 
Cr resonances in potassium magnesium fluoride, but at the high doping 
levels used, the transition from ground state in this model was obscured 
by point defect scattering. This study was made at a much lower doping 
level to test the model proposed by Lopez from observations of the 
resonant scattering associated with transition from ground state. 
Resonant Scattering From Paramagnetic Defect 
There are several experimental methods to study the interaction be-
tween a paramagnetic ion and vibrations of the lattice. One of these 
methods is thermal conductivity, which in a paramagnetic crystal is af-
fected by average interaction of the thermal phonon with the magnetic 
ions. 
In an insulating paramagnetic crystal at low temperature only the 
lowest energy levels of the magnetic ions are populated. The thermal 
conductivity can be expressed as the sum of contribution from phonons of 
different energy. If the difference in energy between a pair of low-
lying energy levels happens to be comparable to the energy of the domin-
ant phonons then phonons may induce transitions in the magnetic ions. 
1 
2 
Because of their absorption and subsequent re-emission in random direc-
tion, the phonons will themselves be scattered. This causes a reduction 
of their contribution to the heat flow and in thermal conductivity of 
the specimen. The phonons which are at resonance with the energy levels 
of the magnetic ions would not participate to the heat current (2,3). 
2+ 
Cr in Octahedral Site 
2+ 4 
The electronic structure of Cr is 3d . In a cubic crystal, such 
as KMgF 3 it interacts with the lattice through the octahedral electric 
field of the surrounding ions. 
5 
In an octahedral site the ground state orbital level should be E . 
However, the Jahn-Teller theorem indicates that the orbital degeneracy 
will be removed by spontaneous lower symmetry distortion of surround-
ings (4). As a result of the Jahn-Teller effect in octahedral symmetry 
for chromous ion and nearest neighbor octahedral symmetry for the chrom-
ous ion and nearest neighbor octahedrals, one would expect resonant 
scattering of phonons from the vibronic states of the complex. The 
Fletcher and Stevens (5) model which was used by Lopez (1) developed a 
model for the dynamic Jahn-Teller effect of octahedrally coordinated 
ion. According to this model the ground state of a 3d4 ion split 
into seven energy levels A1 , A2 , E1 , E2 , T1 , T2 and T;. By selection 
rules following from group theory, only eight transitions are allowed. 
E2-A1 , E1 -A1 , A2-E2 , E1 -E2 , E1 -A2 , T;-T1 , T2-T1 and T2-T;. As already 
explained by Lopez (1), the energy levels depend on two parameters: 6 
the tunneling frequency and D the spin-orbit coupling. The expressions 




Potassium magnesium trifluoride is a cubic perovskite insulator. 
0 
It has one molecule per unit cell and lattice constant of a ~ 3.973A 
(6). Its elastic constants c 11 , c 12 , c 44 have been determined from ul-
trasonic experiments (7). 
The calculated elastic constants are 
c11 (132.0 ± 1.5) x 
1010 dyne/cm 
2 








the average velocity of sound is 4.77 x 10 cm/sec (8), and its density 
is 3.17 ± 0.01 gm/cm3 . The structure of potassium magnesium trifluoride 
is shown in Figure 1. 
The chromous doped sample of potassium magnesium fluoride was grown 
in the Oklahoma State University Crystal Growth Laboratory from 
stoichiometric mixtures of KF and MgF2 by a Bridgrnan-Stockbarger tech-
nique. Dopant Cr was added by adding CrF2 to the melt. Details about 
the growth apparatus and procedure are given by Wolf (9). 
Preparation of Sample 
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Figure 1. Crystal Structure of Potassium Magnesium Fluoride 
4 
5 
Table I. The concentration of chromous impurities in potassium magnesi-
um fluoride was smaller than the samples were used by Lopez (1). 
TABLE I 









Cr-doped 14.01 2.55 2.64 
Experimental Determination of Thermal Conductivity 
[100] 
In this experiment the measurement was made by the method of steady-
state flow. For a steady-state flow of heat through a solid having a 





- A VT (1) 
where Q is the energy transmitted across unit area per unit time. In 
the special case of a long, rod-shaped solid having uniform cross-
sectional area, A, with heat flow along the long axis of the sample, 




where P is the power supplied to one end of the sample and ~X is dis-
6 
tance between which the change in temperature ~T is measured. To cal-
culate the thermal conductivity from the experimental data where the 
input power is known, one experimentally measures the temperature dif-
ference ~T and from the dimensions of the sample's cross-sectional area, 
A, and thermometer separation, L, determines the geometrical factor 





For the range of interest 2.6 to 28K in which the measurement were 
performed, the same apparatus was used, which were used by Lopez (1), 
Wolf (9) and Velasco (10). This apparatus is described in considerable 
detail by Velasco (10); therefore only a brief description will be given 
here. 
Figure 2 shows a schematic of the sample holder. The sample was 
mounted at the end of a copper rod was constructed so that the effective 
thermal contact with the cryogenic liquid bath, either liquid helium-4 
or liquid nitrogen, could be controlled by controlling the pressure of 
helium gas in the heat leak chamber. When helium gas was put into this 
chamber, the thermal contact with the cryogenic bath was good, giving 
the copper rod the same temperature as the bath. If the sample was 
heated and transmitted heat to the copper rod, or if a current was 
passed through the 100 ohm ambient heater wrapped around the copper rod, 
the heat was quickly dissipated into the bath, approximately maintain-
ing the bath temperature. If the thermal contact between the copper 




1-TO VACUUM PUMP OR 
HELIUM GAS 
2 







4 5 6-COPPER HEAT SINK 
7-SAMPLE LEADS 
7 
6 8-BRASS CAN 
9-AMBIENT HEATER 
10-SAMPLE LEADS 













Figure 2. Thermal Conductivity Sample Holder 
8 
helium gas out of the heat leak chamber, then the heat dissipated to the 
copper heat sink was not removed efficiently and raised the temperature 
of the heat sink and the sample. With a good vacuum in the heat leak 
chamber, the heat sink was effectively isolated from cryogenic bath, 
therefore, the temperatures were much higher than the bath's could be 
reached. 
If the cryogenic liquid was helium at 4.2K, temperatures as high 
as SOK could be reached with less than 250 milliwatts of input power. 
If liquid nitrogen at 77K was the cryogenic liquid, temperatures above 
200K could be obtained with approximately one watt of input power. At 
the higher temperatures, radiation heat loss became a large source of 
error when the sample temperature was greatly different from that of the 
outer wall of the sample holder. For reduction of this radiation loss, 
an aluminum heat shield was placed around the sample, its clamps and 
gradient heat~r. This aluminum shield was therefore kept at approxi-
mately its temperature, greatly reducing the temperature difference be-
tween the sample and surroundings. 
The entire assembly described above was enclosed in a brass can 
which was then submerged into the cryogenic fluid. When measurements 
were being taken, a vacuum of less than 10-S Torr was maintained inside 
the brass can, thus insuring proper temperature and heat loss control. 
The sample was held in thermal contact with the heat sink by a 
copper clamp containing indium pads which flattened against the sample 
when the nylon screwsweretightened. A phosphor bronze spring and the 
nylon screws compensated for the difference in the thermal expansion 
between the sample and the clamp. The two thermometer clamps were con-
structed in a similar manner. 
9 
The temperature gradient in the sample was established by a heater 
clamp onto the end of the sample farthest from the heat sink. Current 
was supplied to the heater by #40 copper wire, and the voltage drop 
across the heater was measured through #36 constantan wire. 
The thermometers used in this apparatus were chromel versus gold 
0.07 atomic percent iron. They were soldered to the clamps with indium 
solder. The emf of T and ~T were read using a potentiometer. The 
potentiometer used to measure T was a Leeds and Northrup Type K-3 univer-
sal potentiometer in series with a Model 2770 Honeywell potentiometer 
with a Leeds and Northrup 9838 guaded nanovolt detector as a null indica-
tor, thus allowing the emf to be resolved to the nearest 0.1 microvolt. 
The Honeywell potentiometer and nanovolt detector were used for measuring 
~T with a 0.01 microvolt resolution. The gradient heater voltage and 
current were monitored on a Triplett D.C. millivolt digital panel meter, 
giving accuracy to three or four significant figures, depending on the 
magnitude of the current supplied to the heater. A stable current to 
the gradient heater was delivered by a regulated power supply. 
All of the leads leaving into and out of the sample holder were 
thermally anchored to the copper heat sink with GE-7031 varnish. 
Errors 
Measurement Errors 
The errors in the thermal conductivity calculations made using 
Equation (3) dependent on the absolute and relative percision in the 
measurements of the sample cross section, input power, sample tempera-
ture, and gradient temperature. 
10 
The dimensions used to calculate the cross-sectional area, A, were 
measured with a micrometer to the nearest 0.01 rrun. Since the sample was 
not a perfect parallele piped, each end was measured with the average 
values used in the calculation. 
The measurement of the thermometer spacing clamp was the most un-
certain measurement taken. The clamp separation, L, was determined by 
placing a spacer, whose thickness was measured with a micrometer, be-
tween the inner edge of one clamp and the outer one of the other clamp. 
The power input to the hot end of the sample was determined by 
measuring the current through the gradient heater. The current I was 
determined by measuring the voltage drop across a 10 ohm standard re-
sistor. This current was read to four figures with uncertainty of ±3 in 
the last digit. The input power was calculated using P = VI, and the 
voltage V was read directly from the digital millivoltmeter. 
Heat Loss Errors 
In using the Equation (3) we assumed that all the power that was 
converted to heat that flowed uniformly through the sample. 
-5 
Since the sample was in the vacuum of better than 10 Torr, con-
vection and conduction of the heat directly from the sample to the wall 
of the sample holder could be ruled out as dissipating heat. Conduction 
through the wire leads going into the sample chamber, was analyzed in 
detail by Wolf (9) and dissipation of heat due to conduction was found 
to be negligible. 




4 a' a E T ~T 
11 
where a' is the surface area of the sample, 0 is the Stefan-Boltzmann 
constant, E is the emissivity of the sample, This the temperature, and 
~T is the difference between the sample's temperature and the chamber 
wall's temperature. 
Because of special interest, the measurement was made at low tem-
perature, so the radiation heat loss was negligible. Of course, at high 
temperature it could become quite significant. 
CHAPTER III 
EXPERIMENTAL RESULTS 
The thermal conductivity of chromous-doped sample of potassium 
magnesium fluoride single crystal was measured from 2.6 to 28K. 
In the peak region between 15 and 20K, the thermal conductivity is 
approximately 6 W/cmK less than undoped sample (comparing with L6pez's 
data (1) for undoped sample). Below 4K the thermal conductivity curve 
d 1 f . 3 ha a s ope o approximately T 
Figure 3 gives the thermal conductivity data for Cr-doped potassium 
magnesium fluoride. 
The resonances near 4K and 6K as observed by Lopez, seems to be 
existent and an additional resonance near !OK, which is interpreted as 
evidence of third frequency resonance. 
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Figure 3. Thermal Conductivity of the Cr-Doped KMF3 
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CHAPTER IV 
ANALYSIS AND DISCUSSION 
Debye-Callaway Model 
The use of thermal conductivity in the spectroscopic examination 
of impurities in crystal is a consequence of the fact that in the Debye 
approximation the thermal conductivity is proportional to a known 
weighted average of the total phonon relaxation time T(w,T), which in 
turn depends on the nature and concentration of the impurities present. 





k (kT) x e T(x,T)dx (4) 
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where vis the velocity of sound assumed constant, T(w,T) is phonon 
relaxation time, 8 the Debye temperature and the other samples have 
their usual meaning. 
Previous experiments have successfully tested the Debye-Callaway 
model of thermal conductivity (4,11,12). 
The major contribution of Callaway's treatment is the reciprocal 
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Using Equation (5) in Equation (4) to obtain a computer fit of the 
thermal conductivity experimental data for the pure sample by L6pez, the 
best fitting was obtained by assuming three relaxation times, boundary, 
isotope, and phonon-phonon, so that the total relaxation time becomes 
-1 
Ttotal 
-1 -1 + T-1 
T + T. h boundary isotope p onon-phonon 
Casimir (13) first derived the relaxation time resulting from diffuse 





where V is the velocity of sound in the crystal and L is an effective 
(6) 
( 7) 
sample diameter which is dependent upon the sample's geometry and sur-
face roughness. For a "perfectly rough" and rectangular sample, 
L (8) 
where £1 and £2 are the dimensions of the sample cross-section perpen-
dicular to the heat flow with the assumption that the crystal is long 
compared to either £1 or £2 . 
As the temperature of crystal decreases, the importance of the 
long wavelength phonons increases. At low enough temperatures, when all 
16 
the phonon mean-free-path are comparable to the sample's cross-sectional 
dimensions, the relaxation time is usually entirely limited by the 
boundary which is temperature and frequency independent. 
The thermal conductivity curve for these temperatures will have a 
slope of T3 resulting from the temperature dependence of the specific 
heat. 
The effective Casimir length for sample is given in Table II. 
TABLE II 
CALCULATED CASIMIR LENGTH FOR SAMPLE 
Sample Effective Casimir Length 
(cm) 
2+ 
KMgF3 :Cr 0.293 
Point defect scattering relaxation time, TPD' was estimated for 
the effective of isotopes by using the relation found by Klemens (14), 








where o is the cube root of the atomic volume, v is the velocity of 
sound in the material. The form of r have been suggested by Slack (15). 
It may be applied to compounds containing isotopes of many elements. 
For a compound with general form A, A, A , ... we have 








( ~) rA + y 
1•1 x+y+z+ · · · 
(~) 
M 
rB + ... (11) 
(12) 
MA and MB are the masses of the isotopes of the atoms of types A and B 
-
respectively, MA and MB are the average masses of these atoms, and M is 
the average molecular mass defined as 
- -
M 
x MA + y MB + • · · · 
x + y + .... (13) 
f. is the fractional concentration of the ith isotope and 6M. is the 
l l 
difference between atomic mass of the ith point isotope and the average 
atomic mass. 
The approximation value of A have been calculated by Lopez (1) was 
1.13 x 10-44 . 















v 4 e-8/aT) w2T - + Aw + (B + B 
L N u 
(15) 
a good fit of the thermal conductivities data was obtained for pure 
sample by L6pez (1) . 
The thermal conductivity of lightly chromous doped sample was 
slightly higher than the chromous doped sample was used by Lopez (1) . 
Figure 3 shows the two resonance near 4K and 6K as observed by L6pez, 
and in addition a shoulder about 9K as well as a plateau about lOK. 
This reduction of thermal conductivity interpreted as indicating a third 
scattering resonance about lOK. 
To account for the data on the chromous doped sample a total relax-




T + !J.A W (16) 
p 
was used. T is the relaxation time found for the undoped sample. The 
p 
4 
!J.A w is included for the increased Rayleigh scattering expected from 
the Cr impurities, and TR is the resonance relaxation time. 
The relaxation time was proposed by Pohl and co-workers to account 
for resonances due to tunneling defects (17) were used 
+ 
( 2 2)2 w -w 
02 
+ 
( 2 2) 2 w -w 
03 
(17) 
In using the above expression, we have been considering the follow-
ing criteria. 
1. The resonance term should reproduce the experimental data as 
closely as possible. 
19 
2. The strength of the scattering (B) should scale with the Cr 
concentration of the sample. 
3. The number of unknown parameters in the resonance terms should 
be kept to a minimum. 
4. The resonant frequencies should be those calculated by Lopez 
from his experimental data. 
So, by adjusting scattering strengths (B), but not the resonant 
frequencies, a good fit of the thermal conductivities data was obtained 
for the sample. A plot of the experimental and fitted data for the 
sample appears in Figure 4. 
It was found that the two transition E + A and E1 + E which l 2 2 
were observed by Lopez (1) occur again as expected. In addition a third 
transition E1 + A1 in the energy level scheme of Lopez as shown in 
Figure 5 is needed to reproduce the resonance at - lOK. 
At the lowest temperatures the fit to the data is rather poor. 
This may result from additional scattering by the E2 + A1 transition 
shown by the dashed line in Figure 5 or by scattering from other impuri-
ties that may be important at this low level of doping. 
Surrunary and Conclusions 
The thermal conductivity of chromous-doped sample of potassium 
magnesium fluoride were measured over the temperature range from 2.6 to 
28K. 
The result were analyzed in terms of Debye-Callaway model. 
In addition to the two resonances observed by L6pez, a third transi-
tion scattering at higher temperatures was observed. The frequency re-
quired to reproduce the data is consistent with the E1 + A1 transition 
20 












Figure 4. A Comparation of the Measured Thermal Conductivities 
of Cr-Doped KMgF3 With Theoretical Curve Calculated 








































. 2+ . 
Energy Level Diagram for Cr in KMgF 3 In-
cluding the Jahn-Teller Effect 
22 
from the ground state in L6pez's model and tends to confirm the validity 
of his energy level scheme. 
More work at lower temperatures and in magnetic field is needed to 
fully understand the scattering processes. 
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ENERGY LEVELS OF THE GROUND STATE OF AN OCTAHE-
DRICALLY CO-ORDINATED 3d4 ION FROM THE 
JAHN-TELLER EFFECT MODEL OF 
FLETCHER AND STEVENS 
For B > 0. 
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F1 and F 2 are factors taht arise from thespin degeneracy. They are 
slowly function of o, and were determined and tabulated by Fletcher and 
Stevens (5). In this work values of F1 = 1.0 and F2 1.2 were used. 








STEVENS MODEL AS OBTAINED BY LOPEZ 
-5.4 -4.5 -3.8 
T' 
2 




Candidate for the Degree of 
Master of Science 
Thesis: 
2+ 
LOW TEMPERATURE THERMAL CONDUCTIVITY OF LIGHTLY DOPED KMgF 3 :Cr 
Major Field: Physics 
Biographical: 
Personal Data: Born in Mashhad-Iran, Sept. 11, 1948, the son of 




Graduated from University of Mashhad-Iran in September, 
Completed requirements for the Master of Science de-
Oklahoma State University in July, 1977. 
Professional Experience: Graduate Teaching Assistant, Oklahoma 
State University, 1975-77. 
Organization: Member of Sigma Pi Sigma. 
